Introduction {#sec1}
============

Molecular chaperones assist proteins during folding and prevent protein aggregation.^[@ref1]−[@ref3]^ Various molecular chaperones participate in membrane permeation of protein biosynthesis,^[@ref4]^ protein quality control,^[@ref5]^ and protein degradation.^[@ref6]^ Although the functions of individual molecular chaperones are well characterized, the relative contribution of each chaperone during a protein folding process remains unresolved and hampers our full understanding of protein biosynthesis. The activity and function of molecular chaperones inside cells may depend on structural differences among the numerous client proteins.

Recently, we reported a facile analytical method for estimating relative chaperone affinity under physiological multichaperone conditions.^[@ref7]^ In this method, a chaperone mixture was subjected to chromatography on a column conjugated with a denatured client protein, and the elution positions of target chaperones were compared to determine the relative binding affinity of each chaperone toward the denatured client protein. Thus, this method can estimate the conditions of the protein folding system. Several chaperones require ATP for protein folding and dissociation.^[@ref8]^ The endoplasmic reticulum (ER) is the main site of the folding of newly synthesized proteins. Since ER ATP is essential for supporting protein folding by most chaperones,^[@ref9]^ a decrease in ATP levels causes protein misfolding followed by ER stress.^[@ref10],[@ref11]^ Our method allows a comparison of changes in the relative chaperone activity between healthy conditions (with ATP) and ER stress conditions (without ATP).

In this study, the relative affinity of three chaperones from the ER was compared in the presence or absence of ATP using three client proteins. The results revealed that the affinity of the chaperones toward client proteins varied and was dependent on ATP levels and the structure of the client proteins. This study provides evidence of the relative contributions by multiple molecular chaperones to client protein folding in cells.

Results and Discussion {#sec2}
======================

We focused on three ER-localized molecular chaperones: glucose-regulated protein 94 (GRP94),^[@ref12]^ binding immunoglobulin protein (BiP),^[@ref13]^ and calreticulin (CRT).^[@ref14]^ GRP94, BiP, and CRT belong to the heat shock protein 90 (HSP90) family, HSP70 family, and lectin-like molecular chaperones, respectively. In the absence of client proteins, these chaperones have been reported to form a complex,^[@ref15],[@ref16]^ whereas other studies suggest chaperones are in a dynamic flux of forming various types of complexes, and the type of complex is dependent on the client protein.^[@ref17]^ Thus, molecular chaperones are hypothesized to have varying specificity toward client proteins. Peptide-binding specificity of BiP has been reported;^[@ref18]^ however, protein specificity of many ER chaperones is not well understood. Although direct and indirect interactions of chaperones cannot be distinguished by our method, the relative contribution of these three molecular chaperones for the formation of higher-order structures of client proteins was compared in this study. Furthermore, the effects of ATP on relative chaperone specificity were investigated, as the functions of various molecular chaperones including GRP94^[@ref9]^ and BiP^[@ref10]^ are regulated by ATP binding.^[@ref19]^

Myoglobin, RNase A, and β-lactoglobulin were selected as typical α-helix-rich, α-helix/β-sheet mixed, and β-sheet-rich client proteins, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The three client proteins form nonglycosylated globular structures and have similar molecular weights (MWs). Although myoglobulin is not an ER-dependent secretory protein, we selected this protein because of its well-characterized structural features and because the MW matches closely that of the other two client proteins. Each protein was conjugated with Affi-Gel 10 beads (Bio-Rad) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) and subsequently packed into a column to obtain the native-form column of each protein. Since the denaturation temperatures of myoglobin, RNase A, and β-lactoglobulin were determined to be 54, 55, and 58 °C, respectively (determined by the method described in ref ([@ref7])) under the conditions of this study, thermal denaturation (70 °C, 5 min) of the protein-conjugated beads before column packing provided the denatured-form column of each protein. The ER fraction^[@ref20]^ extracted from Wistar rat livers (10-week-old, male) with appropriate solubilized conditions without EDTA (modified from ref ([@ref20])) was applied to these columns, and the elution order of the chaperones was analyzed by Western blotting. In each assay, the ER fraction under the same conditions was used to ensure a uniform standard for evaluating the relative contribution of molecular chaperones.

![Structural features of client proteins and the workflow of this study.](ao9b04445_0011){#fig1}

###### Time Course for the Immobilization of Myoglobin, RNase A, and β-Lactoglobulin to Affi-Gel 10 Beads

        immobilized (μmol/mL beads)          
  ----- ----------------------------- ------ ------
  15    0.60                          0.67   0.59
  30    0.65                          0.63   0.78
  60    0.70                          0.85   0.80
  120   0.76                          0.96   0.89
  240   0.86                          1.00   0.88

A thermal denatured ER fraction was applied to each denatured-form column to determine the elution volume of nonbinding chaperones, and these were designated as blank values ([Figures S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf) and [2](#fig2){ref-type="fig"}). The 50% elution volumes of the blank values (~blk~EV~50~) for denatured GRP94, BiP, and CRT were ca. 0.4--0.6 mL. Subsequently, we applied the ER fraction (±ATP) to each native-form column to observe the potential binding affinity of the active chaperones to the native client proteins as native sample values (Western blotting: [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf); elution profile: [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). We defined the 50% elution volumes of the native values as ~n~EV~50~. The increase in the ~n~EV~50~ values compared with the ~blk~EV~50~ values (Δ~n~EV~50~) for GRP94, BiP, and CRT toward myoglobin with ATP was 0.58, 0.71, and 0.49 mL, respectively, and those without ATP were 0.17, 0.41, and 0.25 mL, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). The corresponding Δ~n~EV~50~ values for GRP94, BiP, and CRT toward RNase A with ATP were 0.70, 0.62, and 0.97 mL, respectively, and those without ATP were 0.88, 0.20, and 1.47 mL, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). The Δ~n~EV~50~ values for GRP94, BiP, and CRT toward β-lactoglobulin with ATP were 0.38, 0.31, and 0.36 mL, respectively, and those without ATP were 0.14, 0.11, and 0.30 mL, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). Thus, all of the ~n~EV~50~ values were higher than the corresponding ~blk~EV~50~ values. These results showed that the chaperones have latent binding affinity to the native-form client proteins.

![Elution profiles of GRP94, BiP, and CRT in a denatured ER fraction from denatured protein-conjugated columns. (a) Denatured myoglobin-conjugated column; (b) denatured RNase A-conjugated column; (c) denatured β-lactoglobulin-conjugated column.](ao9b04445_0007){#fig2}

![Elution profiles of GRP94, BiP, and CRT in an active ER fraction with ATP from native protein-conjugated columns. (a) Native myoglobin-conjugated column. (b) Native RNase A-conjugated column. (c) Native β-lactoglobulin-conjugated column. Each data point represents the mean value ± SE (*n* = 3).](ao9b04445_0004){#fig3}

![Elution profiles of GRP94, BiP, and CRT in an active ER fraction without ATP from native protein-conjugated columns. (a) Native myoglobin-conjugated column. (b) Native RNase A-conjugated column. (c) Native β-lactoglobulin-conjugated column. Each data point represents the mean value ± SE (*n* = 3).](ao9b04445_0001){#fig4}

![Δ~n~EV~50~ (~n~EV~50~ -- ~blk~EV~50~) values of GRP94, BiP, and CRT toward myoglobin-, RNase A- and β-lactoglobulin-conjugated columns. Each data point represents the mean value ± SE (*n* = 3).](ao9b04445_0002){#fig5}

We next separated the active ER fraction loaded onto the denatured-form columns to determine the affinity of each active chaperone toward the different denatured client proteins (Western blotting: [Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf); elution profile: [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). The actual fold/unfold population and/or heterogeneity of states the denatured-form protein sample adopts is unknown but likely differs from the native-form protein samples. We defined the 50% elution volumes of the denatured sample values as ~d~EV~50~. The increase in the ~d~EV~50~ values compared with the ~n~EV~50~ values (Δ~d~EV~50~) for GRP94, BiP, and CRT toward myoglobin with ATP were 0.23, 0.36, and 0.17 mL, respectively, and those without ATP were 0.22, 0.15, and 0.21 mL, respectively ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). This result showed that the affinity of the chaperones toward the denatured myoglobin increased when compared with the affinity of these chaperones toward folded myoglobin. In contrast, the Δ~d~EV~50~ for GRP94, BiP, and CRT toward RNase A with ATP were −0.17, 0.04, and −0.10 mL, respectively, and those without ATP were −0.65, 0.33, and −0.57 mL, respectively ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)), indicating a higher affinity of GRP94 and CRT toward native RNase A vs. denatured RNase A and an enhancement in the affinity of BiP toward denatured RNase A. This unexpected observation may be caused by the lower composition of hydrophobic amino acids (29%) in RNase A when compared with those of myoglobin (48%) and β-lactoglobulin (49%) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Nöppert et al. reported that "During folding of RNase A, an initial global hydrophobicity is not observed, which contradicts the view that this is a general requirement for protein folding".^[@ref21]^ Thus, native RNase A surface hydrophobicity may be similar to the denatured protein surface hydrophobicity. The corresponding Δ~d~EV~50~ values in the assay with the β-lactoglobulin columns with ATP were 0.79 mL (GRP94), 0.66 mL (BiP), and 0.68 mL (CRT) and those without ATP were 0.07 mL (GRP94), 0.38 mL (BiP), and 0.12 mL (CRT) ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). The results indicate that the chaperones have enhanced affinity toward denatured β-lactoglobulin, which was also observed for myoglobin.

![Elution profiles of GRP94, BiP, and CRT in an active ER fraction with ATP from denatured protein-conjugated columns. (a) Denatured myoglobin-conjugated column; (b) denatured RNase A-conjugated column; (c) denatured β-lactoglobulin-conjugated column. Each data point represents mean values ± SE (*n* = 3).](ao9b04445_0008){#fig6}

![Elution profiles of GRP94, BiP, and CRT in an active ER fraction without ATP from denatured protein-conjugated columns. (a) Denatured myoglobin-conjugated column; (b) denatured RNase A-conjugated column; (c) denatured β-lactoglobulin-conjugated column. Each data point represents mean value ± SE (*n* = 3).](ao9b04445_0009){#fig7}

![Δ~d~EV~50~ (~d~EV~50~ -- ~n~EV~50~) values of GRP94, BiP, and CRT toward myoglobin-, RNase A-, and β-lactoglobulin-conjugated columns. Each data point represents the mean value ± SE (*n* = 3).](ao9b04445_0003){#fig8}

To examine the chaperone specificities toward myoglobin, RNase A, and β-lactoglobulin, we compared the resulting ~d~EV~50~ values ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). The preferential order of the chaperones toward myoglobin, RNase A, and β-lactoglobulin varied. The chaperone with the highest affinity toward myoglobin was BiP both in the presence and absence of ATP, whereas CRT showed the highest affinity toward RNase A in the presence and absence of ATP. In contrast to the similar preferential order between ±ATP conditions toward myoglobin and RNase A, the chaperone with the highest affinity toward β-lactoglobulin under conditions with ATP was GRP94, whereas in the absence of ATP, BiP had the highest affinity toward β-lactoglobulin. Compared with that of BiP, the affinity of GRP94 may be enhanced by the presence of ATP for proteins with β-sheet structures such as β-lactoglobulin. This phenomenon was also observed for the affinities of GRP94 and BiP toward RNase A, which has β-sheet structural elements. Our results provided evidence for client protein-dependent flexible changes in the ER chaperone specificity.

![Chaperone specificities of GRP94, BiP, and CRT toward myoglobin, RNase A, and β-lactoglobulin. Each data point represents the mean value ± SE (*n* = 3).](ao9b04445_0010){#fig9}

Finally, we compared the discrimination activity of the chaperones toward each client protein to further understand the correlation between chaperone specificity and higher-order structure of the client proteins ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). The ratio of EV~50~ from the denatured-form column (~d~EV~50~) ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}) to EV~50~ from the native-form column (~n~EV~50~) ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) was defined as the misfolding discrimination activity of the chaperone. BiP showed a slightly higher discrimination activity for each of the client proteins under conditions with ATP ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a). In contrast, the discrimination activity of BiP toward denatured myoglobin in the absence of ATP, under ER stress conditions, was significantly lower when compared with those of GRP94 and CRT, whereas BiP showed greater discrimination activity toward denatured RNase A and β-lactoglobulin than the other two chaperones. Myoglobin consists predominantly of α-helices (88%) without β-sheet secondary structure, whereas RNase A and β-lactoglobulin are composed of primarily β-sheet and turn structures with a much lower α-helix content (15--26%). Based on this structural information and the results of [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a (with ATP), BiP appears to bind without preference to any client protein that has α-helices, β-sheet, and loop structures. These results are consistent with a report that showed that BiP binds with higher affinity than GRP94 does to immunoglobulin, which also has a predominantly β-sheet structure.^[@ref22]^ Indeed, BiP has been shown to bind the β-sheet-rich C~H~1 domain of an immunoglobulin.^[@ref23],[@ref24]^ In addition, BiP binds the C-terminal α-helical region of phaseolin.^[@ref25]^ Conversely, our chaperone-binding assay in the absence of ATP revealed that GRP94 and CRT have a relatively greater contribution than BiP to the α-helix-rich client protein myoglobin ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b). To verify these observations, we then focused on bovine serum albumin (BSA) as a client protein, which has only α-helix and turn structures, as is the case for myoglobin ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). Although BSA has a larger molecular weight (66 kDa) and therefore differs in size from the other client proteins, the discrimination ability of the three chaperones to BSA was also compared by our proposed assay without ATP (Western blotting: [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf); elution profile: [Figure S9a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf); discrimination ability: [Figure S9c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf)). The results showed that GRP94 showed a stronger preference for BSA when compared with the other two chaperones. These results indicate that GRP94 may preferentially recognize misfolded client proteins based on an α-helix-rich structure, at least under stress conditions with a reduced ATP supply. We also focused on pl values and hydrophobicity of the client proteins as factors that affect the affinity of the chaperones toward client proteins ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). No correlation was observed between pl values or hydrophobic amino acid contents and the discrimination activity.

![Discrimination activity against misfolding of myoglobin, RNase A, and β-lactoglobulin by GRP94, BiP, and CRT in the presence of ATP (a) and in the absence of ATP (b). Each data point represents mean value with SE (*n* = 3).](ao9b04445_0005){#fig10}

Conclusions {#sec3}
===========

We demonstrated the binding preferences of three ER chaperones toward three client proteins in the presence and absence of ATP using our reported chromatographic method, which effectively elucidates the relative initial affinity of chaperones. The resulting order showed that chaperones BiP, CRT, and GRP94 displayed a preference toward myoglobin, RNase A, and β-lactoglobulin, respectively. These results indicate that ER chaperones have binding preferences toward client proteins. Examining the discrimination activity against protein misfolding in the absence of ATP revealed that chaperones GRP94 and CRT preferentially recognized myoglobin (α-helix-rich protein), whereas BiP preferentially recognized RNase A (α-helix/β-sheet mixed protein) and β-lactoglobulin (β-sheet-rich protein). The preferential order of molecular chaperones in the ER is not constant and may be dependent on the higher-order structures of client proteins and ER conditions. The results provide important clues for understanding why multiple chaperones are required in protein folding processes. Our proposed assay also provides new avenues for estimating chaperone functions under various ER conditions and may contribute to the development of chaperone therapy targeting ER-stress related diseases.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Myoglobin from horse muscle (23550-74) and RNase A form bovine pancreas (30142-04) were purchased from Nacalai Tesque (Kyoto, Japan), and β-lactoglobulin from bovine milk (L3908-250 MG) was purchased from Sigma-Aldrich (St. Louis, MO). Affi-Gel 10 was purchased from Bio-Rad (Hercules, CA), whereas the rabbit anti-CRT monoclonal antibody, rabbit anti-BiP polyclonal antibody, and rabbit anti-GRP94 polyclonal antibody were purchased from Abcam (Cambridge, UK). HRP-conjugated antirabbit IgG was purchased from Perkin-Elmer (Waltham, MA), and Wistar rat liver material was supplied by Sankyo Labo Service (Tokyo, Japan).

Preparation of Protein-Conjugated Beads {#sec4.2}
---------------------------------------

All washing steps consisted of a suspension of beads in 9 mL of ultrapure water, followed by sedimentation of the beads by centrifugation (300*g*, 4 °C, 3 min) and removal of the supernatant. Initially, Affi-Gel 10 (6 mL) was washed three times with ultrapure water. The beads were then treated with 9 mL of myoglobin, RNase A, or β-lactoglobulin (10 mg/mL) in the coupling buffer (0.1 M HEPES, pH 8.0). After 15--240 min of mixing by inversion (6 times/min) at 25 °C, the beads were sedimented by centrifugation (300*g*, 4 °C, 3 min) and the supernatants were collected to measure the residual protein concentration by the BCA protein assay to calculate the number of immobilized proteins. The beads were then treated with 9 mL of 0.1 M glycine ethyl ester in the coupling buffer to block unreacted maleimide groups. After 1 h of mixing by inversion (6 times/min) at 4 °C, the beads were sedimented by centrifugation (300*g*, 4 °C, 3 min), washed three times in the coupling buffer, and resuspended in 0.1 M HEPES (pH 8.0) to give blocked protein-conjugated beads. Subsequent denaturation of the protein-conjugated beads by heating at 70 °C for 5 min provided denatured protein-conjugated beads.

Chaperone Affinity Assay Using the Protein-Conjugated Column {#sec4.3}
------------------------------------------------------------

Ten microliters of the ER fraction (0.5 mg protein/mL, 1% Triton X-100, ±1 mM ATP, in 10 mM HEPES, pH 7.8) was subjected to chromatography on native/denatured-myoglobin-, native/denatured-RNase A-, and native/denatured-β-lactoglobulin-conjugated columns (5.5 mm ⌀ × 42 mm, 1 mL of beads, ca. 0.9 μmol of the protein) equilibrated with 10 mM HEPES (pH 7.4), ±1 mM ATP, 1 mM MgCl~2~, 10 mM CaCl~2~, and 0.6% Triton X-100 at a flow rate of 20 μL/min at 4 °C. The eluted fractions (200 μL) were analyzed by SDS-PAGE followed by Western blotting with anti-GRP94, anti-BiP, and anti-CRT antibodies. Each fraction (20 μL) was immediately resolved on SDS-PAGE and transferred onto a poly(vinylidene difluoride) (PVDF) membrane. After blocking with Blocking One (Nacalai Tesque), the membrane was incubated with an anti-GRP94, anti-BiP, or anti-CRT antibody for 16 h at 4 °C. After washing with TBS-Tween (3×), the membrane was incubated with HRP-conjugated antirabbit IgG for 30 min. After washing with TBS-Tween (3×), the bands on each membrane were visualized by chemiluminescence (Immobilon Western, Millipore). The elution profiles for each chaperone were calculated by determining the density of the bands using ALPHAVIEW software (ProteinSimple).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04445](https://pubs.acs.org/doi/10.1021/acsomega.9b04445?goto=supporting-info).Images of Western blot analysis, hydrophobicity of protein-conjugated beads, structural features of BSA, preferential orders of GRP94, BiP, and CRT toward BSA, EV~50~, and ΔEV~50~ values, and additional methods ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04445/suppl_file/ao9b04445_si_001.pdf))
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